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An interfacial self-cleaning phenomenon was found in the atomic layer deposition of HfO2 on
In0.15Ga0.85As/GaAs substrate using HfNCH3C2H54, i.e., TEMAH, and H2O as the precursors.
The native oxides of InGaAs were all satisfactorily removed from the interface through ligand
exchange substitution reactions with the TEMAH precursor. It relieves the Fermi-level pinning in
the HfO2/ InGaAs heterostructure, as verified by the clear transition from accumulation to depletion
in high-frequency capacitance-voltage relations and inversion in quasistatic measurement. A very
low leakage current was also found from the metal-oxide-semiconductor capacitors of
Au/Ti/HfO2/ InGaAs. © 2006 American Institute of Physics. DOI: 10.1063/1.2405387
The fabrication of metal-oxide-semiconductor field-
effect transistors MOSFETs of GaAs-based compounds has
attracted much attention for their advantages over their
Si-based counterparts in high electron mobility. However,
efforts in searching for appropriate gate dielectrics with sat-
isfactory dielectric property and low density of interface
traps Dit have never ended over the past decades due to the
lack of stable passivating native oxides on the GaAs-based
compounds.1,2 Recently, Ga2O3, Ga2O3Gd2O3 on GaAs by
in situ molecular beam epitaxy MBE, and Al2O3 on GaAs
as well as on InGaAs by ex situ atomic layer deposition
ALD have attracted great interest,1–6 owing to their Fermi-
level unpinning for enhancement-mode MOSFET. The ALD
of high-dielectric-constant high- oxides, such as Al2O3
and HfO2, is particularly important because of its ability to
grow ultrathin films very uniformly over large-area sub-
strates based on sequences of self-limiting surface reaction
and becomes the essential technique for fabrication of the
alternative gate dielectric to replace SiO2 for next generation
nanoscale Si-based MOSFET.7
Self-cleaning of interfacial As2O3 in ALD-Al2O3 films
on GaAs and InGaAs was found in previous studies, using
AlCH33 as the metal precursor.2,8 It provides an effective
passivation of these GaAs-based substrates by Al2O3. How-
ever, such a self-cleaning phenomenon was not found in
ALD-HfO2 using HfCl4 as the metal precursor, i.e., the na-
tive oxides remain intact.8 Although the exact mechanism of
the interfacial self-cleaning effect found in the ALD of Al2O3
on GaAs-based semiconductors is not known yet, we believe
that it may involve ligand exchange substitution reactions
between the trimethylaluminum and the native As2O3, pro-
viding a pathway for the interfacial cleaning by forming
Al2O3 and volatile trimethylarsine. These reactions have
been understood in alkylating As2O3 with aluminum alkyls
to form trialkylarsines.9,10 However, in the ALD of HfO2
with HfCl4 as the metal precursor, due to the highly ionic
character of the Hf–Cl polar covalent bond 0.59 in fraction,
it may be relatively too strong to break to trigger such a
ligand exchange reaction with the native oxides. The metal
amide derivatives, such as AsNCH323 and SbNCH323,
have been used as precursors for III-V homo- and heteroepi-
taxial films prepared by chemical beam epitaxy and atomic
layer epitaxy, because these precursors can provide chemical
reactions for in situ cleaning and etching of native oxide and
substrates as well as interfacial hydrocarbons of GaAs and
other III-V compounds.11–13 The tetakisethylmethylami-
dohafnium, HfNCH3C2H54, i.e., TEMAH, is one of the
important metal amide precursors used for the ALD of HfO2
and may provide the desired self-cleaning reactions in ALD
of HfO2 on the InGaAs interface. It is investigated in this
work.
In0.15Ga0.85As/GaAs strained epilayers were used as
substrates with a Si doping of 51017 cm−3 grown on Si-
doped GaAs by MBE. The HfO2 films having a thickness of
7.4 nm were then grown on native-oxide-covered InGaAs
in an ALD reactor at 200 °C and a pressure of 1 torr using
alternating pulse of TEMAH/Ar/H2O/Ar in period at
2 /3 /2 /3 s for each self-limiting cycle. A HfO2 deposition
rate of 0.082 nm/cycle was measured by spectroscopic ellip-
someter and high-resolution transmission electron micros-
copy HRTEM. A 2-nm-thick Ti was evaporated on HfO2 as
gate electrode and then capped by 100 nm thick Au giving a
capacitor area of 6.310−5 cm2 for electrical measurements.
Figure 1a shows the cross-sectional HRTEM image of the
native oxide on InGaAs. It has a saturated thickness of
around 2.4 nm, consistent with the result of the native oxide
on GaAs100 after exposing under atmosphere.8 Figure 1b
displays that of HfO2 deposited on the native oxide/InGaAs
substrate by ALD with TEMAH. It is exciting that a HfO2
film free of interfacial oxide layer was obtained, i.e., not only
the As oxide but also the In and Ga oxides were removed
from the interface in the ALD process.
X-ray photoelectron spectroscopy XPS was also per-
formed to examine the chemistry of interface in the
HfO2/ InGaAs structure. As shown in Fig. 2, the spectra from
i to iii were taken as a function of depth approaching the
interface by sputtering out the top portion of the ALD-aElectronic mail: tbwu@mse.nthu.edu.tw
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HfO2 with Ar+ ions. The spectra of iv InGaAs substrate, v
its native oxides, and vi 47 nm ALD-HfO2 on Si were mea-
sured for reference. The As 3p difference spectra are also
included in Fig. 2c to eliminate the influence of the HfO2
background. In Figs. 2a and 2b, the In 3d5/2 and Ga 2p3/2
peaks are absent from i the surface to ii the middle depth
of HfO2 on InGaAs. At the depth close to the HfO2/ InGaAs
interface, in spectrum iii, the peaks appear but have almost
the same full width at half maximum and position of peaks
as those of the bulk InGaAs, i.e., Ga and In oxides are un-
resolved and the peaks are mostly contributed from the In-
GaAs substrate. The result indicates that the native oxides of
In and Ga are well cleaned out from the HfO2/ InGaAs struc-
ture. In contrast, in Fig. 2c, the As 3p on the surface of
HfO2 film with splitting energy of around 5 eV and its dif-
ference spectra of i− vi display very weak but profound
peaks of arsenic oxide As2Ox. The As-related signal is ab-
sent in the difference spectra of ii− vi at the middle depth
of HfO2 on InGaAs, and the As2Ox peaks are also unob-
served near the interface. In the As 2p3/2 core level spectra,
as shown in Fig. 2d, we notice that the binding energy of
the surface As2Ox peak in spectrum i is slightly higher
0.6 eV than that of native As2O3 1326.3 eV Ref. 14
in spectrum iv. This observation denotes that the As2Ox on
the HfO2 surface are As2O3 mixed with As2O5. The results
from Figs. 2c and 2d clearly reveal that the As oxides are
also cleaned out from the bulk and interface of the
HfO2/ InGaAs structure. However, a very small residual
amount of As2Ox retains on top of the HfO2 film. Note that
the Hf N5N67N7 Auger electrons of HfO2 can be observed
in Fig. 2d.
The complete removal of interfacial native oxides
strongly suggests the occurrence of ligand exchange reac-
tions between TEMAH and the native oxides of InGaAs in
the deposition of HfO2 associated with the formation of vola-
tile compounds, such as MNCH3C2H53 M denotes the el-
ements In, Ga, or As, which could be subsequently purged
out from the surface of HfO2 in the ALD process. Although
the exact reactions are not known yet, the following two
reactions are given as possible examples:
3HfNCH3C2H54 + 2M2O3 ——→
473 K,1 torr
3HfO2
+ 4MNCH3C2H53, 1
HfNCH3C2H54 + MOOH ——→
473 K,1 torr
HfO2
+ MNCH3C2H53 + HNCH3C2H5. 2
The ligand exchange reactions may continuously proceed by
chemically inducing the rearrangement or outdiffusion of In,
Ga, and As cations to the surface to react with the TEMAH
until the native oxides at the interface were all consumed.
After that, the normal ALD on the hydroxylated surface of
HfO2 would be followed, giving the final thickness of HfO2.
Moreover, the presence of residual arsenic oxide on top of
the HfO2 film indicates that the reaction kinetics for As may
be not as fast as that for the other two cations and some
AsIII may be oxidized to AsV in H2O pulse. However,
the above speculation needs further investigation.
In Fig. 3a, the observation of the clear transition from
accumulation to depletion for high-frequency capacitance-
FIG. 1. Cross-sectional HRTEM images of a native oxide with a thickness
of 2.4 nm and b as-deposited HfO2 with a thickness of 7.4 nm on
InGaAs/GaAs substrate.
FIG. 2. XPS spectra of a In, b Ga, and c and d As: i surface of
7.4 nm HfO2 on InGaAs; ii middle depth of 7.4 nm HfO2 on InGaAs; iii
bottom layer and interface of 7.4 nm HfO2 on InGaAs; iv InGaAs with
native oxide; v bulk of InGaAs; vi 47 nm HfO2 on Si; and the difference
spectra of As 3p: i− vi, ii− vi, as well as iii− vi. As2Ox denotes
As2O3 and As2O5 mixture.
FIG. 3. Electrical properties of Au/Ti/as-deposited HfO2/ InGaAs capaci-
tors: a HFCV and QSCV measurements; b plot of current density Jg
against gate voltage.
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voltage HFCV at frequency from 1 K to 1 MHz and inver-
sion for quasistatic CV QSCV measurements indicate that
the removal of native oxides from the interface in the
HfO2/ InGaAs heterostructure relieves the Fermi-level pin-
ning phenomenon. However, reduced values of HfO2 capaci-
tance extracted dielectric constants of 6.9 at 1 MHz and
11.3 at 1 KHz measurements, a frequency dispersion in ac-
cumulation of the HFCV curves, and a large offset between
QSCV and HFCV can also be observed from Fig. 3a. This
CV degradation may be related to the following factors: 1 a
low resistivity or a lossy dielectric layer in the stack of the
gate dielectric, e.g., a top As2Ox;3,15 2 a high density of
interface states causing the frequency dispersion near the
conduction band,16,17 i.e., the calculated values of the inter-
facial density of state Dit from the 1 MHz CV curve using
the Terman method are around 31012 cm−2 eV−1 near the
midgap and 11013 cm−2 eV−1 near the conduction band;
and 3 other extrinsic parasitic effects inducing series resis-
tance, capacitance, and inductance.2,18 Figure 3b shows the
leakage current density as a function of gate voltage J-V in
the as-deposited HfO2/ InGaAs heterostructures. A very low
leakage current of 10−8 A/cm2 at the bias of 2 V was ob-
served. It demonstrates the highly insulative characteristic of
the ALD-HfO2 film obtained in this work.
In conclusion, an interfacial self-cleaning phenomenon
was found in the atomic-layer-deposited HfO2 on InGaAs
substrates by using the TEMAH as the metal precursor. Both
HRTEM and XPS show satisfactory result in removal of all
the native oxides from the interface between HfO2 and In-
GaAs, but a slight amount of residual As oxides retains on
the surface of HfO2. This self-cleaning effect relieves the
Fermi-level pinning in the heterostructure of HfO2/ InGaAs,
as verified by the clear transition from accumulation to
depletion in HFCV and the inversion in QSCV relations.
However, a frequency dispersion and reduced value of ca-
pacitance in accumulation at HFCV can also be observed.
Meanwhile, a very low leakage current was also found from
the MOS capacitors made with the ALD-HfO2 on InGaAs.
The authors thank the National Science Council of Tai-
wan, Republic of China under Contract No. NSC94-2120-
M-007-008, for providing the financial support.
1Y. Xuan, H. C. Lin, P. D. Ye, and G. D. Wilk, Appl. Phys. Lett. 88,
263518 2006.
2M. L. Huang, Y. C. Chang, C. H. Chang, Y. J. Lee, P. Chang, J. Kwo, T.
B. Wu, and M. Hong, Appl. Phys. Lett. 87, 252104 2005.
3M. Passlack, M. Hong, and J. P. Mannaerts, Appl. Phys. Lett. 68, 1099
1996.
4M. Hong, J. Kwo, A. R. Kortan, J. P. Mannaerts, and A. M. Sergent,
Science 283, 1897 1999.
5P. D. Ye, G. D. Wilk, J. Kwo, B. Yang, H.-J. L. Gossmann, M. Frei, S. N.
G. Chu, J. P. Mannaerts, M. Sergent, M. Hong, K. K. Ng, and J. Bude,
IEEE Electron Device Lett. 24, 209 2003.
6M. L. Huang, Y. C. Chang, C. H. Chang, T. D. Lin, J. Kwo, T. B. Wu, and
M. Hong, Appl. Phys. Lett. 89, 012903 2006.
7W. Tsai, L.-Å. Ragnarsson, L. Pantisano, P. J. Chen, B. Onsia, T. Schram,
E. Cartier, A. Kerber, E. Young, M. Caymax, S. De Gendt, and M. Heyns,
Tech. Dig. - Int. Electron Devices Meet. 2003, 311.
8M. M. Frank, G. D. Wilk, D. Starodub, T. Gustafsson, E. Garfunkel, Y. J.
Chabal, J. Grazul, and D. A. Muller, Appl. Phys. Lett. 86, 152904 2005.
9W. Stamm and A. Breindel, Angew. Chem., Int. Ed. Engl. 3, 66 1964.
10D. K. Dileep, L. K. Krannich, and C. L. Watkins, Inorg. Chem. 29, 3502
1990.
11H. Asahi, X. F. Liu, K. Inoue, D. Marx, K. Asami, K. Miki, and S. Gonda,
J. Cryst. Growth 145, 668 1994.
12H. Sugiura, M. Mitsuhara, S. Kondo, and K. Tsuzuki, J. Cryst. Growth
201, 594 2001.
13T. J. Whitaker, T. Martin, A. D. Johnson, A. J. Pidduck, and J. P. Newey,
J. Cryst. Growth 164, 125 1996.
14C. J. Sandroff, M. S. Hegde, L. A. Farrow, C. C. Chang, and J. P. Harbi-
son, Appl. Phys. Lett. 54, 362 1989.
15K. S. K. Kwa, S. Chattopadhyay, N. D. Jankovic, S. H. Olsen, L. S.
Driscoll, and A. G. O’Neill, Semicond. Sci. Technol. 18, 82 2003.
16L. J. Huang, W. M. Lau, S. lngrey, D. Landheer, and J.-P. Noël, J. Appl.
Phys. 76, 8192 1994.
17Z. H. Lu, D. Landheer, J.-M. Baribeau, L. J. Huang, and W. W. Lau, Appl.
Phys. Lett. 64, 1702 1994.
18Z. Luo and T. P. Ma, IEEE Electron Device Lett. 25, 655 2004.
242911-3 Chang et al. Appl. Phys. Lett. 89, 242911 2006
Downloaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
